Tea is one of the world's most popular beverages due to health promoting effects. Despite these, there have been concerns about the adverse effects of tea contamination by neonicotinoid insecticides. Only a handful of studies on neonicotinoid insecticides in tea have been carried out and this study was therefore performed to determine the concentrations of seven neonicotinoid insecticides and 20 metabolites in Japanese green tea leaves, and black tea leaves from Sri Lanka; and assess the Maximum Daily Intake (MDI) of neonicotinoid insecticides. From the results, the seven parent compounds were detected in Japanese tea leaves and beverages. Dinotefuran (3004 ng/g) was found at the highest level in green tea leaves. Ten of the 20 metabolites were detected in Japanese tea products. Dinotefuran-urea (92%) and thiacloprid-amide (89%) were most frequently detected in Japanese tea leaves. Clothianidin-urea (100 ng/g) was found at the highest level in green tea leaves. Neonicotinoid insecticides and metabolites were not detected in Sri Lankan black tea leaves. The concentrations and MDI of neonicotinoid insecticides in tea leaves were below the Maximum Residual Levels (MRLs) and Acceptable Daily Intakes (ADIs), respectively.
Introduction
Neonicotinoid insecticides are among the most rapidly adopted insecticides introduced to the market since the introduction of pyrethroid insecticides. The current market share of neonicotinoid insecticides in the world is over £600 million per year [1] . Imidacloprid was the biggest selling insecticide worldwide, followed by acetamiprid, nitenpyram, thiacloprid, thiamethoxam, clothianidin, and dinotefuran, and the former six are chlorinated compounds [1] . Neonicotinoid insecticides are used at various stages of cultivation and post-harvest storage. Since 1993, many tons have entered the Japanese market, and they have been widely used on a variety of crops. In 2015, large quantities of various neonicotinoid insecticides, including acetamiprid (51.5 t), thiamethoxam (49.2 t), clothianidin (75.6 t), imidacloprid (66.0 t), thiacloprid (12.7 t), nitenpyram (6.5 t), and dinotefuran (167 t), were shipped to Japan [2] .
Tea is one of the most widely consumed non-alcoholic beverages globally [3] and it contains multiple health-promoting compounds, including vitamins, caffeine, catechin, and other polyphenols [4] . Unfermented green tea and semi-fermented tea are commonly consumed in East Asian countries, while fermented black tea is common in the West [5] . Epidemiological studies have shown the beneficial health effects of tea consumption [6] . However, the consumption of tea may represent a potential source of human exposure to toxicants, because of the high levels of insecticides in tea cultivation [7] . For example, neonicotinoid insecticides, such as imidacloprid, thiamethoxam, and acetamiprid, are regularly used in tea cultivation to control pests, such as Empoasca vitis (false-eye leafhopper) [8] [9] [10] [11] .
Neonicotinoid insecticides act as modulators at the nicotinic acetylcholine receptors (nAChR) for mammals and insects [12] . In addition, some metabolites of neonicotinoid insecticides, especially N-unsubstituted imines, i.e., desnitro-or descyano-metabolites, have greater IC 50 values on mammalian α4β2 nAChR than Drosophila nAChR, e.g., 4.6 nM and 2600 nM for imidacloprid and 1500 nM and 8.2 nM for Ndesnitro-imidacloprid, respectively [13] . These results indicated that it is necessary to screen for neonicotinoid metabolites as well as their parent compounds. Several studies in Japan have suggested that tea is one of the major sources of human exposure to neonicotinoid insecticides in the Japanese population [14] [15] [16] [17] [18] . However, there have been limited studies to assess the levels of parent compounds and metabolites in tea leaves and tea beverages, with the exception of one monitoring survey that indicated residual levels of approximately 0.5 ppm of clothianidin, imidacloprid, and thiamethoxam in domestic tea leaves in 2012 [19] .
The present study was performed to quantify neonicotinoid insecticides, i.e., acetamiprid, clothianidin, dinotefuran, imidacloprid, nitenpyram, thiacloprid, and thiamethoxam, and 20 neonicotinoid metabolites (Table 1) in tea leaves and tea beverages. As there are only a few standards available for neonicotinoid metabolites, we synthesized most of the neonicotinoid metabolites and developed a quantitative method using solid-phase extraction (SPE) and liquid chromatographytandem mass spectrometry (LC-ESI/MS/MS). In addition, we compared the intakes of neonicotinoid insecticides through Japanese green tea with the current Acceptable Daily Intake (ADI) in Japan.
Materials and methods

Materials
Chemicals
Acetamiprid, dinotefuran, imidacloprid, and thiacloprid were purchased from Kanto Chemical (Tokyo, Japan). Clothianidin and Ndesmethyl-thiamethoxam were purchased from Fluka (Buchs, Switzerland). Nitenpyram, CPMA, CPMF, and CPF were purchased from Wako Pure Chemical Industries (Osaka, Japan). Clothianidin-d3, dinotefuran-d3, imidacloprid-d4, thiacloprid-d4, thiamethoxam-d4, N-desmethyl-acetamiprid and N-desnitro-imidacloprid were purchased from Sigma-Aldrich (St. Louis, MO). Hydroxy-imidacloprid was purchased from Hypha Discovery (Uxbridge, UK). Acetamiprid-d6 and nitenpyram-d3 were purchased from Hayashi Junyaku (Osaka, Japan). Thiamethoxam was purchased from Dr. Ehrenstorfer (Augsburg, Germany). Other metabolites (N-acetyl-acetamiprid, N-acetyl-desmethyl-acetamiprid, N-descyano-acetamiprid, N-desmethyl-clothianidin, N-desmethyl-clothianidin urea, N-desnitro-clothianidin, clothianidin urea, N-desmethyl-desnitro-clothianidin, N-desmethyldinotefuran, dinotefuran-urea, N-desmethyl-nitenpyram, thiaclopridamide, N-descyano-dehydro-thiacloprid) were synthesized at Toho University (Supplement).
Tea leaves and beverages
From January to May 2016, green tea leaves labeled "domestically grown" of different brands and manufacturers were purchased from randomly selected grocery stores in Japan (n = 39), and black tea leaves were purchased from grocery stores in Sri Lanka (n = 30). In addition, bottled green tea beverages (these are ready-to-drink green teas stored in bottles) were purchased from convenience stores in Japan (n = 9). The tea leaves and bottled tea were all produced from the respective countries, but the samples were of different brands and manufacturers, and were produced between 2015 and May 2016. All were stored in a refrigerator keep under 5 centigrade until analysis was performed.
Methods
Extraction of neonicotinoids from tea leaves
Tea leaves were ground using a mortar and pestle, and 1.5 g of finely ground tea leaves were placed in 50-mL centrifuge tubes (Corning Inc., Corning, NY). After adding the internal standards to the leaves (50 μL of 100 ppb solution), water (40 mL) at 25°C was added. The content was vortex-mixed for 10 min and centrifuged at 10,000 × g for 10 min. Samples of 5 mL of the supernatant were separated and used for the next extraction and purification step. Tea was loaded onto a pre-conditioned (2 mL each of methanol and distilled water) Presep RPP 60 mg cartridge (Wako Pure Chemical Industries). Conditioning of ENVIcarb/ PSA (500 mg/300 mg) (Sigma-Aldrich) was then carried out with 10 mL of acetone. The Presep RPP and ENVIcarb/PSA cartridges were connected in series, and analytes were eluted with 8 mL of dichloromethane:acetonitrile (2:8 v:v) solution. After concentrating analytes with a centrifugal concentrator (CVE-200D with UT-2000; EYELA, Tokyo, Japan) at 60°C for 1 h, the samples were reconstituted with 100 μL of 3% ethanol aqueous solution and transferred into vials for analysis. Seven neonicotinoid insecticides and 20 metabolites (Table 1) were analyzed simultaneously in each sample. Results of neonicotinoid insecticides and metabolites in tea leaves were expressed in ng/g w/w.
Extraction of neonicotinoids from bottled green tea beverages
Samples of 25 mL of bottled tea beverages were spiked with 5 ng (50 μL of 100 ppb solution) of internal standards; and the mixture were loaded onto pre-conditioned (2 mL each of methanol and distilled water) Presep RPP 60 mg cartridges (Wako Pure Chemical Industries). Conditioning of ENVIcarb/PSA (500 mg/300 mg) (Sigma-Aldrich) was then performed with 10 mL of acetone. The Presep RPP and ENVIcarb/ PSA cartridges were connected in series, and analytes were eluted with 8 mL of dichloromethane:acetonitrile (2:8 v:v) solution. After concentrating analytes with a centrifugal concentrator (CVE-200D with UT-2000; EYELA) at 60°C for 1 h, the samples were reconstituted with 100 μL of 3% methanol aqueous solution and transferred into vials for analysis. The levels of neonicotinoid insecticides and metabolites in bottled tea beverages were expressed in ng/mL.
LC-ESI/MS/MS (Shimadzu 20 A series with LCMS8040; Shimadzu Co., Kyoto, Japan) equipped with RSpak DE-213 (2 mm ID × 150 mm) (Showa Denko, Tokyo, Japan) was used for quantitative analysis of samples. Mobile phases for HPLC analysis were 0.1% formic acid + 10 mM acetic acid water solution (A) and 0.1% formic acid + 10 mM acetic acid methanol solution (B). The gradient was programmed as follows: t = 0-2 minutes: 20% B, t = 11 min: 95% B, t = 11-13 minutes: 95% B. The column oven temperature and the flow rate were 45°C and 0.4 mL/min, respectively. Detection of target compounds was performed by multiple-reaction monitoring (MRM) in positive ionization mode.
Quality control and quality assurance
Samples were spiked with a mixture of six deuterium-labeled neonicotinoids as internal standards prior to sample preparation and extraction. Quantification was performed using the internal standard method. Calibration points were set at 5 points and average coefficients of determination ( r 2 ) for the calibration curves were ≥0.995. The analytical methods were checked for precision and accuracy. Limits of quantification (LOQs) were calculated based on 10 × SD/S, where SD is the standard deviation of the response of seven replicate standard solution measurements and S is the slope of the calibration curve. Recovery efficiencies and LOQs (ng/mL) of the analytes are listed in Table 1 .
Maximum daily intake of neonicotinoids through green tea leaves
The maximum daily intake of neonicotinoid insecticides through consumption of green tea leaves (MDIgt) was calculated based on the following equation:
where Cmax is the maximum concentration of neonicotinoid insecticides in tea leaves in this study (mg/g w/w); LP is the 97.5th percentile of daily consumption of tea leaves among Japanese adults and children (1-6 years old), 35.7 g and 15.3 g were assumed, respectively (Japanese government data); and Bw is the average body weight (kg), 57.0 kg (adults) and 16.2 kg (children) were assumed (Japanese government data) in this study.
Data analysis
Data analysis was performed using JMP statistical software v. 10 (SAS Institute, Cary, NC). Concentrations of neonicotinoid insecticides and their metabolites below their respective LOQs were replaced with a value of LOQ/2. Student's t test was used to compare the concentrations of neonicotinoid insecticides and metabolites in Japanese green tea leaves, and the differences were considered statistically significant at p < 0.05.
Results and discussion
3.1. Quantification method for neonicotinoid insecticides and metabolites in tea leaves and bottled green tea beverages A method to quantify seven neonicotinoid insecticides and 20 metabolites simultaneously in tea leaves was developed by LC-ESI/MS/MS and SPE. The LOQs were satisfactory and ranged from 1.33 to 33.3 ng/g in tea leaves (Table 1) . Recovery efficiencies were satisfactory and greater than 80% for all parent compounds examined. Water at room temperature was used as the extraction solvent in this study because neonicotinoid insecticides have considerable water solubility. We also attempted hot water extraction at 90°C, but this led to high background signals caused by the wax components in tea leaves and higher LOQs for most of the analytes (data not shown). The high recovery and low LOQs confirmed that water is a good solvent for neonicotinoid insecticide extraction. Recovery efficiencies were greater than 50% for all metabolites except N-acetyl-acetamiprid, N-desmethyl-desnitro-clothianidin, CPMA, and CPF. The low recovery rates for these compounds could be due to low retention of metabolites in the stationary phase during SPE or the degraded during the extraction and purification process. Despite the low recovery rates of some metabolites, N-acetyl-acetamiprid and CPMA were found in Japanese green tea leaves, suggesting that the developed method was robust and applicable for determination of neonicotinoid metabolites.
Neonicotinoid insecticides and metabolites in green tea leaves
All seven neonicotinoid insecticides and nine of the 20 neonicotinoid metabolites examined were detected in Japanese tea leaves (Tables 2 and 3 ). The detection frequency and maximum concentration of neonicotinoid insecticides were highest for dinotefuran (100%, 3004 ng/g) with dinotefuran-urea (87%, 77.1 ng/g) and N-dm-dinotefuran (10%, 9.4 ng/g), followed by imidacloprid (92%, 139 ng/g); thiacloprid (79%, 910 ng/g) with thiacloprid-amide (82%, 2.4 ng/g) and N-dc-dh-thiacloprid (3%, 6.1 ng/g); thiamethoxam (79%, 650 ng/ g); clothianidin (74%, 233 ng/g) with N-dm-clothianidin-urea (56%, 6.1 ng/g), clothianidin-urea (51%, 6.1 ng/g), N-dn-clothianidin (21%, 7.3 ng/g); acetamiprid (67%, 472 ng/g) with N-dm-acetamiprid (39%, 52.6 ng/g) and N-acetyl-acetamiprid (8%, 4.8 ng/g); and nitenpyram (3%, 54 ng/g).
More than one type of neonicotinoid insecticide and metabolites were simultaneously detected in Japanese tea leaves. In addition to the 100% detection of dinotefuran, imidacloprid, thiamethoxam/clothianidin, thiacloprid, and acetamiprid are also commonly used, as well as nitenpyram. Concentrations of neonicotinoid insecticides in tea leaves from Japan were below the Maximum Residual Levels (MRL) recommended by Japan (Table 4) . However, there could be health concerns due to the high intake of tea in the Japanese population because human health risk assessment does not only depend on the concentration of the target chemical in food, but also on the consumption rate [20] . The MRL set in Japan for fruits, tea leaves were higher than recommended levels from other countries ( Table 4) . This is the first report in which various neonicotinoid metabolites were detected in agricultural products purchased from the market. The metabolism of neonicotinoid insecticides in tea leaves involves oxidation (e.g., N-demethylation), reduction (e.g., conversion from N-nitro to imine), hydrolysis (e.g., conversion from cyano to amide), dehydrogenation, and N-acetylation. The detection of clothianidin was accompanied by that of thiamethoxam in all cases, and the detection of clothianidin-urea was significantly correlated with those of clothianidin and thiamethoxam (p < 0.0001). The significant correlations (p < 0.0001) of clothianidin, clothianidin-urea, and thiamethoxam supported the metabolic conversion of thiamethoxam to clothianidin in tea leaves. Additionally, the relatively high level of detection of clothianidin-urea may be attributable to direct metabolic transformation of thiamethoxam, which is hydrolyzed to clothianidin.
Among the metabolites detected in this study, N-dm-acetamiprid has nicotinic properties on nAChRs, and is toxic for humans (Marfo 2016) . N-desnitro-clothianidin and N-descyano-dehydro-thiacloprid are also toxicologically relevant because this compound might have nicotinic properties on nAChRs, and is more toxic to mammalian nAChRs than those of insects. The toxicological evaluation of these metabolites has not been fully investigated.
In addition, thiacloprid-amide does not have nicotinic properties, but can undergo hydrolysis to yield N-descyano-thiacloprid, which also has nicotinic properties and is extremely toxic for mammals, its oral LD50 for mice is 1.1 mg/kg BW [21] . The fate of thiacloprid-amide after consumption of tea beverages is unknown. Further comprehensive studies are required to determine the effects of these metabolites on human health.
Neonicotinoid insecticides and metabolites in bottled green tea beverages
Six of seven neonicotinoid insecticides were detected in Japanese bottled tea beverages (Table 2) . Nitenpyram was not detected, but its metabolite, CPMA, was detected in these samples. More than one type of neonicotinoid insecticide and their metabolites were simultaneously detected in Japanese tea leaves. The order of detection frequency and maximum concentration of neonicotinoid insecticides and metabolites were dinotefuran (100%, 59.0 ng/mL) with dinotefuran-urea (77.8%, Table 2 Concentrations (ng/g ww) and the % frequencies of detection of neonicotinoids in Japanese tea leaves and Japanese bottled green tea beverage. Freq (%): Frequency (%); Max: Maximum; < LOQ: below detection quantification; # : indicates concentrations expressed in ng/mL.
Table 3
Concentrations (ng/g ww) of neonicotinoids metabolites in tea from Japan.
Japanese tea leaves Japanese bottled tea # Freq(%) 25th 50th 75th Max Freq(%) 25th 50th 75th Max N-dm-Acetamiprid 38.5 < LOQ < LOQ 1.5 52.6 11.1 < LOQ < LOQ < LOQ 0.5 N-acetyl-Acetamiprid 7.7 < LOQ < LOQ < LOQ 4.8 < LOQ < LOQ < LOQ < LOQ < LOQ N-acetyl-dm-Acetamiprid < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ N'-dc-Acetamiprid < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ N-dm-Clothianidin < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ N-dm-Clothianidin urea 56. 0.6 ng/mL) and N-dm-dinotefuran (11.1%, 0.1 ng/mL); thiacloprid (100%, 2.35 ng/mL) with thiacloprid-amide (88.9%, 0.2 ng/mL); thiamethoxam (100%, 5.53 ng/mL) with clothianidin (100%, 2.08 ng/mL), clothianidin-urea (66.7%, 1.7 ng/mL); followed by imidacloprid (78%, 1.91 ng/mL); acetamiprid (78%, 2.01 ng/mL) with N-dm-acetamiprid (11%, 0.5 ng/mL); and CPMA (11.1%, 0.2 ng/mL) ( Tables 2 and 3 ). The 50 th percentile concentrations were highest for dinotefuran (17.5 ng/mL), followed by thiamethoxam (1.71 ng/mL), thiacloprid (0.65 ng/mL), clothianidin (0.59 ng/mL), imidacloprid (0.43 ng/mL), and acetamiprid (0.04 ng/mL) ( Table 2) .
Neonicotinoid insecticides and metabolites in tea leaves in Sri Lanka
The levels of all neonicotinoid insecticides and metabolites in tea leaves from Sri Lanka were below the respective LOQs (data not shown). The higher concentrations of neonicotinoids detected in Japanese green tea leaves compared to those from Sri Lanka could be due to high and widespread use of neonicotinoid insecticides on crops in Japan.
Assessment of maximum dietary intake of neonicotinoid insecticides through green tea leaves in the Japanese population
The MDIgts of neonicotinoids obtained from this study were compared with the current Acceptable Daily Intake (ADI) proposed by the Food Safety Commission of Japan (Table 5 ). The MDIgt rates in adults and children were highest for thiacloprid (4.75%, 7.16%, respectively), followed by thiamethoxam (2.26%, 3.41%, respectively), dinotefuran (0.86, 1.29%, respectively), and acetamiprid (0.42, 0.63, respectively) ( Table 5 ). Children are most vulnerable to the health effects of neonicotinoid insecticides as they could be exposed more to contaminated soil while playing on the ground and they also have higher dietary consumption rates than adults. Moreover, the developmental neurotoxicities of neonicotinoid insecticides and their metabolites have not been established.
The toxicological properties of some neonicotinoid metabolites are unknown and the effects of prolonged exposure to neonicotinoid insecticides on human health and neurodevelopment are still not clear. Therefore, to clarify the risks and safety of neonicotinoid insecticide use for food production as well as other uses, toxicological studies of unknown neonicotinoid metabolites, and epidemiological studies of environmental exposure to neonicotinoid insecticides and metabolites in large populations are required.
Conclusions
Seven neonicotinoid insecticides and 10 of 20 metabolites were detected in Japanese green tea leaves and tea beverages, while none was detected in Sri Lankan black tea leaves. The concentration ranges of neonicotinoid insecticides and their metabolites were comparable in bottled green tea beverages and in brewed green tea leaves from Japan.
Dinotefuran was the most abundant neonicotinoid insecticide and was detected in all of the green tea leaf and bottled tea beverage samples from Japan. Dinotefuran-urea was the most abundant metabolite detected in Japanese green tea leaves, while thiacloprid-amide was most abundant in bottled tea beverages. Although the estimated MDIs of neonicotinoid insecticides were lower than the ADIs, there may be concerns regarding their health effects upon prolonged and excessive consumption.
Transparency document
The Transparency document associated with this article can be found in the online version. 
